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ABSTRACT 
Paper-based microfluidics (μPADs) have been a popular choice as lateral flow tests (LFTs) 
platform for diagnostic purpose because of its ease of use, speed, affordability, and spontaneous 
fluid transport based on an intrinsic property of material. Recent developments have rapidly 
increased the analytical capacity and complexity of μPADs through structural enhancements and 
flow control techniques. In doing so, novel wicking material such as hydrogel is introduced for 
additional functionality and contribute to structural complexity. 
The design to accommodate both the functionality and complexity of the structure is, thus, 
getting more and more complicated, but the process is still based on a time-consuming “estimate 
and check” method, which requires multiple iterations. A model that can effectively adapt 
properties of different wicking materials in the device and predict a resulting collective flow 
behavior is highly desirable with growing number of constituents and capability of μPADs. 
Here, the pre-storage capability of reagents in hydrogel is investigated to understand the role in 
μPADs and a series of experiments were conducted to identify key flow parameters to build a 
computational model for the flow behavior prediction. Electrical circuit analogies derived from 
Darcy‟s law and Washburn equation are used to model the fluidic behavior of μPADs. The 
computational model depicts flow behavior in two connected different wicking materials, paper 
and hydrogel, and will be a useful tool to optimize the design process and reduce tunable time to 
produce a functional paper-based microfluidic device. Furthermore, the functionality of the 
hydrogel incorporated paper-based microfluidic device was demonstrated in the LFT format to 
detect glucose in sample.   
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Chapter 1. INTRODUCTION 
1.1.Motivation 
Point-of-care (POC) testing is defined as medical diagnostic testing at or near the point of care, 
at the time and place of patient care [1]. POC diagnostics have gained considerable attention and 
recognition for their ability to provide improved clinical outcomes including rapid results that 
allow early diagnosis useful for effective treatment intervention, and a more streamlined 
healthcare process [2]. Time-saving aspect of the POC testing also leads to positive economic 
outcomes such as reduced number of unnecessary clinic admission and reduced use of staff and 
equipment [3].  
Current advancement of technology, at the same time, has enabled a wide range of POC tests by 
1) reducing the size of the complicated laboratory device so that it is suitable for the bedside 
testing and/or 2) making the tests more user-friendly, yet maintaining or increasing analytical 
capacity. For example, ultrasonic sonography has become portable and affordable in the 2000s 
and the portable US is perceived as “simple” tests by the users. Likewise, today‟s oxygen 
saturation POC test called pulse oximetry [44] not only is done in a quick and affordable way, 
but also in a noninvasive way that was not possible in earlier eras which required an intraarterial 
needle puncture and a laboratory test. Therefore, POC helps resources to be effectively employed 
in the clinics and empower patients with the ease of use. 
With improved clinical and economic outcomes as well as a wide range of POC testing thanks to 
advancing technology, POC diagnostics are becoming the desired choice of healthcare providers 
and patients. According to a recent survey in five countries (Australia, Belgium, the Netherlands, 
the UK and the US), general practitioners/family doctors have responded that they would like to 
use more POC testings [4]. As a result, POC is becoming established worldwide and finds vital 
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roles in public health. According to Ehrmeyer and Laessig (2007), the total global POC 
diagnostic market has grown to be as big as ten billion dollars which is estimated to be 36% of 
the overall global diagnostic market [2]. 
Many POC test systems are realized as easy-to-use membrane-based test strips. One such notable 
POC testing platform is called microfluidic paper-based analytical devices (μPADs). Recent 
developments have rapidly increased the analytical capacity and complexity of μPADs through 1) 
structural enhancements and flow control techniques. Fabrications strategies have grown to 
include two- and three-dimensional paper-devices [5], [6], with fluid manipulation elements such 
as pumps [7] and valves [8]. Moreover, paper devices have been designed to facilitate 2) multi-
step chemistry [9] and analyte transport after wetting [10]. Li et al., for instance, designed a 
paper-based valve for filtering samples and a paper-based reactor for multi-step reactions (Figure 
1 A) [11]. Whitesides group reported the fabrication of 3D paper-based microfluidic devices, 
which demonstrated distribution of fluids both vertically and laterally, enabling liquid transport 
from a single inlet to numerous detection zones (Figure 1 B) [12]. This group also designed a 
programmable device with “on” buttons for connecting and disconnecting the fluid flow between 
paper-based channels [13]. These features have significantly expanded the number of 
constituents that can be analyzed using μPADs, which is paralleled by a growing demand for 
highly sensitive and specific devices.  
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Figure 1. Examples of 3D paper-based microfluidic devices. (A) The design of the paper-based 
reactor which consists of two sample dosing sites, two valves, and one central reaction site, left; 
the paper-based reactor was tested using an acid–base neutralization reaction, right. (B) A 3D 
device made by stacking two layers of patterned paper and one layer of double-sided adhesive 
tape. The holes in the tape were filled with cellulose powder to allow fluids to penetrate between 
adjacent layers of paper (adapted with permission from ref. 51) 
 
Having paper as main structural material for μPADs, one other possibly interesting material for 
its component is hydrogel.  
Hydrogels are polymeric networks that absorb large quantities of water while remaining 
insoluble in aqueous solutions due to chemical or physical crosslinking of individual polymer 
chains [14]. Their polymer can be either natural or synthetic origin, and the crosslinking gives 
rise to the three-dimensional network.  
The development of an increasing spectrum of functional monomers and macromers [14] 
broadens the versatility of hydrogel applications. Hydrogels have many applications in a wide 
range of industries from food processing [45] to biomedical [36, 46], to microfluidics [15, 18, 42] 
A 
B 
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because of their unique chemical and mechanical properties. Their chemical property such as 
hydrophilicity and highly biocompatible nature have been of great interest in medical and 
pharmaceutical fields because such property resembles natural living tissue.  
Hydrogels enable handling and analysis of small volumes of fluid in a controlled manner when 
incorporated into the microfluidic device [42]. The ability to directly convert chemical energy 
into mechanical work makes stimuli-sensitive hydrogels suitable candidates for actuators 
including pumps and valves in fluidics circuit [15], and their force generation has been studied 
regarding unit mass. 
Recent developments in structural features of μPADs using not only novel material such as 
hydrogel, but also expansions of their analytical capacity have benefitted patients worldwide by 
offering a broad range of the tests conveniently and immediately to them. However, these 
technical enhancements, at the same time, has complicated device design process because of 
growing requirements in finding a right combination of components. It is often problematic 
without the understanding of fluidic behavior of the constituents. The components from different 
materials would exhibit different fluidic behaviors.  
Many research groups such as Yager, Whitesides, have developed paper-basedmicrofluidic 
devices that are capable of performing the diagnostic assay and achieving a clinically relevant 
limit of detection (LOD). However, their fluidic behavior is not well understood or characterized. 
This poor understanding can cause the device design process to 1) be time-consuming, because 
design is based largely on an “estimate and check” method, 2) be limited since designs needing 
to be checked based assay requirements (number of reagents, volume or each delivery step, and 
etc.), and 3) result in a non-optimal overall design, as critical parameters including binding rates 
and exposure times between reagents are not likely to be fully considered or realized.  
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Therefore, a tool for effectively predicting fluid flow behavior has emerged as necessary. A 
successful computational model based on logical mathematics will be able to address the impacts 
of the physical shape and size parameters of the paper.  
1.2.Project Objective 
We aim to 1) characterize hydrogel to determine its utility as a structural element in μPADs and 
examine its flow regulating characteristics in the device. We are also motivated to 2) develop a 
mathematical modeling to contribute to the understanding of flow behavior in porous media and 
hydrogel and provide a framework that optimizes the design process of μPADs. The following 
chapter outlines important topics, the materials, instruments, and procedures used to fabricate 
and test the μPAD, as well as computational modeling of flow behavior of different μPADs 
developed in this thesis. 
1.3.Paper-based Microfluidics 
Like any other microfluidic device, development of paper-based microfluidic (μPADs) considers 
the following four criteria: 1) miniaturization of reaction, 2) integration, 3) automation, 4) 
parallelization of sensing (bio-chemical) processes [16]. A microfluidic platform comprises 
easily integrable parts of microfluidic unit-operation fabricated from consistent technology that 
allows miniaturization of the assay [16]. The unit-operation is a functional building block of a 
microfluidic device that can control fluid transport, fluid metering, fluid mixing, valving, 
separation of the concentration of molecules and more [16]. A successful microfluidic device 
should include enough amount of unit operations that can easily be combined. 
Characteristics of Paper-based Microfluidics. In paper-based microfluidics, the sample liquids 
are transported by capillary forces. The movement is mainly controlled by 1) the wettability and 
2) pore size of substrates [16], usually based on cellulose or glass fiber or their derivatives. 
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Based on the liquid propulsion principle, they are classified as a capillary microfluidic system 
[16]. All required chemicals (i.e. antibodies) are pre-stored within the strip. The readout of a test 
is typically colorimetric consistent with the magnitude of detection that can be seen by the naked 
eye. 
Scaling effects from the miniaturization lead to new phenomena [17] that expand applications. 
As length scales decrease, surface phenomena become dominant over volume phenomena. In 
paper microfluidics, surface phenomena, capillary forces, are dominant and permits purely 
passive actuation of liquid handling [16]. This contributed to their easy fabrication (i.e. no need 
to include an external battery component) and user-friendly characteristics from a spontaneous 
activation. 
Moreover, in order to be used in sensing applications, microfluidic substrates are required to be 
inert against sample and assay reagents and should maintain their innate biochemical properties 
[18] as much as possible even in the dried state. The substrates should support the long-term 
stability of pre-stored reagents [16]. The materials, generically called papers, are suitable 
because they do not react to most biomolecules important in diagnostic research and maintain the 
activity of proteins during fabrication. 
Fabrication Techniques. Fabrication of paper microfluidic devices traces back to 1949 by 
Muller and his co-workers [19] when they studied on the preferential elution of a mixture of 
pigments within the channel on paper. Their paper device was impregnated with a paraffin 
barrier to pattern and confine the sample diffusion, and they observed a reduction of sample 
consumption [19]. Since then, many research groups including the Whitesides at Harvard are 
modernizing μPADs with today‟s technologies and materials (Table 1). 
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Fabrication of μPADs is simple and do not necessarily require complex fabrication schemes like 
photolithography as in that of PDMS-based microfluidics that could only be done in cleanroom.  
The basic idea of paper microfluidic fabrication is a creation of hydrophobic barriers to make 
channel(s) that contain and lead the liquid flow. The patterning of the channel is broadly 
classified as either (i) physical blocking of pores such as wax printing [12-13] or (ii) 
cutting/stacking where a one-sided or a double-sided tape becomes the barrier to guide the flow 
[21-22]. The cutting technique first shapes paper by cutting it with a computer controlled plotter 
cutter and then encases the shaped paper with sticky tape [20]. 
 
Table 1. Description of different types of the creation of hydrophobic barriers on paper and their 
advantages and disadvantages [adapted from ref. 20] 
Fabrication 
Techniques 
Patterning 
Agents 
Advantages Disadvantages 
Photolithography 
Photoresist 
(e.g. SU-8) 
High resolution of 
microfluidic channels 
(channel width is as 
narrow as 200 nm) 
Requires cleanroom; use of toxic 
materials; time-consuming 
fabrication process 
Wax printing Wax 
Simple and fast (5-10 
min) fabrication process 
Requires expensive wax printing 
equipment; calls for an extra 
heating step after wax deposition 
Inkjet printing AKD 
Uses very cheap AKD; 
Simple and fast (5-10 
min); requires only a 
desktop 
Requires an extra heating step 
after AKD deposition; requires 
modified equipment 
Plasma treatment AKD 
Uses very cheap 
patterning agent (AKD); 
dramatically reduces the 
material cost 
Requires expensive equipment 
(i.e. a plasma chamber) and 
different masks for creating 
different microfluidic patterns on 
paper 
Screen printing Wax Simple process 
Low resolution of microfluidic 
channels 
 
The cutting/stacking method is chosen as a fabrication scheme in this research because of its 
straightforward and easy fabrication process and use of inexpensive materials. 
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1.4.Fluid Flow in Porous Media 
An important unit-operation of paper-based sensor is the passive liquid transport via capillary 
forces. Wicking, the fluid flow defined by suction of a liquid into a porous medium [47], is 
described mathematically by two equations, Washburn and Darcy. They obtained a linear 
relationship between the imbibed liquid mass and the square root of time. This relationship is 
derived in the later section and will be the principle of the modelling. 
Washburn Equation. The Washburn equation is applied when describing capillary-driven flows, 
which is the type of flow that occurs in paper. Washburn establishes the laminar flow conditions 
[47] in small capillaries satisfy conditions for Poiseuille‟s law for the whole flow. Previous 
studies have explored adaptions of the Washburn equation to capillary-driven flow in paper. 
Darcy’s Law. Darcy‟s law is used to describe pressure-driven flow through porous media. Paper 
on the microscale is made up of a network of fibers, and can be considered a porous material in 
the sense that void spaces, or pores, are created between the fibers. 
Assumptions. The following assumptions are made when Washburn and Darcy‟s law are 
applied. 
length of the capillary.  
 
tact 
angle.  
x-direction and constant with respect to 
time.  
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relative to 
capillary pressure 
ional to the pressure gradient 
Paper Microfluidics as Point-of-Care Diagnostic Platform. Paper-based microfluidics is 
recognized as a point-of-care (POC) diagnostic platform well suited in low resource setting [24]. 
It is the basis of lateral flow tests (LFTs) which refer to simple devices intended to detect the 
presence of a target analyte [23] in the sample without the need for specialized and costly 
equipment. 
Some key aspects of LFTs [20, 25] such as 1) portability, 2) affordability, 3) shorter-time-to-
result, 4) less space consumption (see Table 2) allow them to compete against established 
laboratory diagnostic systems and has a considerable share in the global diagnostic market. As of 
2006, the LFT market has grown to be as big as ten billion dollars which account for 36% of the 
total market. Pregnancy strip test (Figure 2) is a well-known example of the lateral flow test, and 
there are numerous commercialized examples (i.e. drug doping test strips). 
 
Table 2. Comparison of properties for selected microfluidic platforms. Required (+), not required 
(-) 
Market 
 
Requirements 
LFT diagnostics Laboratory diagnostics 
Portability + (light) -(heavy) 
Throughput - + 
Affordability + - 
Reagent volume small Varies 
Sensitivity - + 
Specificity - + 
Time-to-result 
Short (seconds to ~15 
min) 
Varies 
Space consumption Small (~cm
2
) Big (~m
2
) 
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Figure 2. Examples of LFT and laboratory diagnostics. A) Lateral flow strip test for pregnancy, 
B) Polymerase chain reaction machine, DNA or RNA sample is amplified to detect presence of 
pathogen of interest 
 
Diagnostic Mechanism of Lateral Flow Tests. A typical LFT consists of an inlet port and a 
detection window (Figure 3 (a)). The strip comprises wicking materials with stored chemicals for 
the test. In LFTs, the sample liquid is introduced through the inlet into a sample pad (Figure 3 (b)) 
and then transported along the strip because of the capillary pressure of the porous strip material. 
At the conjugate pad, the target (i.e. antigen) in the sample binds to target reactive molecules (i.e. 
antibody conjugated colored particles), which is referred to as the 1
st
 binding (Figure 3 (c)). On 
the test line, a second type of antibody catches (the 2
nd
 binding) the complex from the 1
st
 binding, 
particles coated with antigens, while a third type of antibody catches particles which did not bind 
to an analyte on the control line. The control line confirms a successfully processed test while the 
detection line shows the presence or absence of a specific analyte (Figure 3 (d)). The 2
nd
 binding 
event triggers a visual signal that is used for a qualitative diagnosis [13, 20, 25]. 
 
A B 
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Figure 3. Schematic design of a lateral flow test, (a) Sample pad (sample inlet and filtering), 
conjugate pad (reactive agents and detection molecules), incubation and detection zone with test 
and control lines (analyte detection and functionality test) and final absorbent pad (liquid 
actuation). (b) Start of assay by adding liquid sample. (c) Antibodies conjugated to 
colored nanoparticles binds the antigen. (d) Particles with antigens bind to test line (positive 
result), particles w/o antigens bind to the control line (proof of validity). (adapted with 
permission from ref. 48) 
 
The two binding reactions in a row are developed to enhance the sensitivity of the detection since 
the success of the lateral strip test depends on the signal intensity of the reaction. However, it 
could be better to come up with a strategy to simplify the reaction steps, yet achieve a 
comparable or better sensitivity, in order to reduce reagent amount and preparation procedure. 
Simultaneously, successful immobilization of the molecules at the detection zone contributes to 
the sensitivity since the effective immobilization of the active molecules will guarantee sufficient 
reactions. Therefore, it is crucial to explore and determine an effective immobilization method. 
The hydrogel-based biomolecule immobilization is chosen to provide an effective sensing zone 
of the paper-based sensor, also to examine the possibility to maintain or enhance the sensitivity. 
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As well as the development of the paper-based sensor using hydrogel as a structural component, 
the regulation of the fluid flow using hydrogel in the paper microfluidic network is a topic of 
interest. The effect of hydrogel in fluid flow in paper will be investigated. The device 
incorporating hydrogel is developed to observe the behavior of the hydrogel as a microfluidic 
component. 
Each element in the test strip has different functions [16], including loading, reagent pre-storage, 
reaction, detection, absorption and liquid actuation (Table 3) and their requirements should be 
considered in the design process. 
 
Table 3. Description of unit-operation of a typical LFT 
Component Functions Mechanisms 
Paper strip 
Passive liquid 
transport 
Capillary forces 
Absorption pad Sample metering Absorption volume 
Sample pad 
Sample filtering and 
separation 
Size of pores 
Conjugation pad Reagent pre-storage Reagent immobilization 
Detection zone Colorimetric readout Reaction chemistry 
 
Detection Methods. Four detection methods, in general, have been used to report the detection 
of analytes in paper-based microfluidics: 1) colorimetric detection, 2) electrochemical (EC) 
detection, 3) chemiluminescence (CL) detection, and 4) electrochemiluminescence (ECL) 
detection [20]. Colorimetric detection (Figure 4) relies on enzymatic or chemical color-change 
reactions. In most cases, the analysis of results can be visually assessed by the unaided eye [27], 
which is adequate when a yes/no answer or a semi-quantitative detection is sufficient for 
diagnosis [26]. However, it is sensitive to local lighting conditions. Colorimetric detection is the 
most applied method and successfully used to sense many bio-metabolites such as glucose, BSA, 
nitrite, uric acid, ketones, lactates, IgG and etc [26]. EC detection has higher sensitivity, enabling 
13 
 
the detection and quantification of analytes even in the nM range. The EC method also 
demonstrated detections of glucose, cholesterol, lactate, uric acid and etc [26]. CL and ECL are 
performed in the dark and are therefore independent of ambient light. However, they have not 
been widely used in paper-based microfluidics. 
 
 
Figure 4. Examples of colorimetric detection of paper-based microfluidics assay. (a) The assay 
design: NO2 standard solutions (0.5 ml) of different concentration (0, 312, 625, 1250, 2500, and 
5000 mM) were deposited. (b) NO2 indicator solution was added into and caused color formation 
of different density in different detection zones. (c) A calibration curve was generated according 
to the color density of each detection zone using Adobe Photoshop. (adapted with permission 
from ref 49). 
 
The colorimetric detection will be the principle of measurement in this thesis because of its quick 
and simple assessment process. Also, the ambient light can be easily controlled for the 
consistency of analysis. 
Biomolecule Sensing Mechanism. As seen in a typical LFT diagnostic principle above, the 
recognition mechanism of the biosensor is based on molecular interactions. Therefore, essential 
criteria in designing biosensors with high selectivity and sensitivity are bioelement (or receptors) 
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and its interacting analyte. Enzyme-substrate interaction will be discussed as it is a sensing 
mechanism of interest in this thesis. 
Enzyme-Substrate Interaction. Enzymes are a popular choice as biological recognition element 
because of their excellent functional properties (activity, selectivity, specificity) and ability to 
catalyze complex chemical processes. They are proteins that participate in cellular metabolic 
processes if in vivo with the ability to enhance the rate of reaction between bio-molecules. The 
target molecules (substrates) bind to an enzyme's active site and are transformed 
into products through a series of steps known as the enzymatic mechanism 
E + S ⇄ ES ⇄ ES* ⇄ EP ⇄ E + P 
The enzymes are extremely specific in their action as illustrated in Figure 5. This specific action 
is the basis of enzyme-based biosensors [50]. 
  
Figure 5. Schematic representation of specificity of enzymatic reaction in biosensor setting 
 
However, in most bioassay procedures, enzymes are mixed in a solution with substrates and 
discarded after the exhaustion of the substrates. Because enzymes are not consumed in the 
reactions in which they participate, they may repeatedly be used for as long as they remain active. 
Thus, their single use is quite wasteful considering the cost and the activity of enzymes, and the 
development and utilization of enzyme retention are encouraged to make use of their catalytic 
ability in a continuous mode. 
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The enzymes can be retained by immobilization which is defined as “the process whereby the 
movement of enzymes in space is completely or severely restricted usually resulting in a water-
insoluble form of the enzyme” [28] and a review of hydrogel as the enzyme immobilization 
media is discussed in the next section. 
1.5.Hydrogel as Bioelement Storage Media 
Having three-dimensional network as well as high water retention, the hydrogel is applied as a 
structural component in a biosensor to support sensing elements such as an enzyme [29, 30], 
antibody [32, 33], living cells [29], or tissue [34]. 
The quality of sensing and the sensitivity level mainly depend on accessibility and activity of the 
immobilized sensing molecules. Using hydrogel as supporting component of the active elements 
have potential to enhance the performance of the biosensor for the following reasons. First, its 
well-defined three-dimensional network [29] allows 1) high loading of enzymes to ensure 
sufficient activity, and 2) a simultaneous incorporation of many types of sensing elements to 
achieve multi-functionality and provides 3) protection of entrapped elements from external 
environments. Second, its hydrophilic property [29] helps sustain the activity of enzymes for a 
prolonged time because it is biocompatible. Third, the target substrates are accessible through the 
pores by diffusion and able to react to an immobilized enzyme inside the matrix. Lastly, 
hydrogel entrapment is a mild process [30] and do not harm the protein‟s native conformation so 
that the enzymatic activity will be well preserved. 
Thus, hydrogels are one of the useful immobilization matrices for the biosensing elements. If 
chosen correctly, hydrogels provide excellent environments for enzymes and other biomolecules 
to preserve their active and functional structure [30]. Because of the potential, numerous 
entrapment strategies for a variety of biomolecules such as proteins, nucleic acids, and cells have 
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been studied and reported. The choice of hydrogel materials is crucial as it directly contributes to 
the degree of sensing performance of the biosensor. As hydrogels may easily be tailored to their 
properties, they form an ideal platform for this purpose. 
Enzyme Entrapment. There are four main categories for enzyme immobilization [29]: matrix 
entrapment, microencapsulation, adsorption, and covalent binding. The matrix entrapment is the 
primary immobilization done by the hydrogel, but this method can be coupled with other 
methods such as covalent binding depending on the types of polymer or enzyme or purposes.  
The entrapment method [29] relies on the localization of an enzyme within the lattice of a 
polymer matrix or membrane (Figure 6) while allowing penetration of substrate. 
 
 
Figure 6. schematics of enzyme entrapment: polymer matrix (left), membrane (right) 
 
The enzymes are encapsulated within the interstitial spaces of a cross-linked water-insoluble, yet 
water-absorbing polymer. Such highly hydrophilic networks of polymer chains are called 
hydrogel [32]. The water-absorbing properties of the networks result from the presence of 
chemical residues, such as hydroxylic (−OH), carboxylic (−COOH), amidic (−CONH-), primary 
amidic (−CONH2), and sulfonic (−SO3H) [31]. The degree of cross-linking determines the size 
of the space and can be controlled to accommodate a wide range of biomolecules from enzymes 
to cells. 
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The entrapment strategies are an easy-to-perform and mild process that do not alter the 
conformation of enzyme and its activity. Moreover, the three-dimensional support material 
allows high loading of enzymes to ensure sufficient catalytic activity as well as simultaneous 
loading of multiple substances such the enzyme, mediators and additives to achieve multi-
functionality. 
Mechanism of Hydrogel Network Formation. The soluble polymers are progressively linked 
with polymerization initiating chemicals and lead to larger branched network. The structure and 
conformation depend on the starting material and polymerization chemistry. The mixture of such 
polydisperse soluble branched polymer is called „sol‟. Continuation of the linking process results 
in increasing the size of the branched polymer with decreasing solubility. This „infinite polymer‟ 
is called the „gel‟ or „network‟ [33]. The transition from a system with a finite branched polymer 
to infinite molecules is called „sol-gel transition‟ (or „gelation‟) and the critical point where gel 
first appears is called the „gel point‟ [33]. 
Classification of Hydrogel. Hydrogels are categorized broadly into either „permanent‟ or 
„reversible‟ gel depending on the starting materials and gelation mechanism (Figure 7). The 
hydrogels having covalently cross-linked networks are called „permanent‟ gels. The crosslinking 
involves grafting of monomers on the backbone of the polymer chains or the use of a cross-
linking agent to link two polymer chains upon chemical reaction [33]. Often, their functional 
groups (such as OH, COOH, and NH2) makes strong linkages with cross-linkers such as 
aldehyde (e.g. glutaraldehyde, adipic acid dihydrazide). Since a „permanent‟ gel formation is 
based on chemical linking, it is also called as „chemical‟ gel. 
On the other hand, hydrogels are called „reversible‟ when the networks are held together by 
molecular entanglements, and/or forces including ionic, hydrogen bonding or hydrophobic 
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interactions. In „reversible‟ gels, the formation is governed by relatively weaker physical 
interactions. Therefore, the linking can be disrupted by changes in physical conditions or 
application of stress [33] and the gel is sometimes called „physical‟ gel. 
 
Figure 7. Schematic of methods for „chemical‟ and „physical‟ hydrogel formation 
 
Choice of Materials: Hydrogels  
Enzymes vary in size (62 aa to 2,500 aa), shape, isoelectric point, surface charge, charge 
distribution, and catalytic performance. For successful enzyme immobilization, it is important to 
keep these variables in mind and to adapt the physicochemical properties of the hydrogel 
material to the properties of an enzyme of interest. Moreover, the support properties like pore 
size and overall charge [52] are crucial factors to consider. Both enzyme loading and catalytic 
performance inside the support can be significantly improved with an optimized support [52]. 
Three types of hydrogels such as 1) polyacrylamide, 2) calcium alginate, and 3) gelatin are 
chosen as enzyme entrapment materials. All these gels can be formed with a simple set of 
equipment and share similar procedures [53]. Typically, enzymes are mixed with 
monomers/polymers and cross-linking agents in a solution. The solution is then exposed to 
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polymerization promoters to start the process of gel formation. The solution is poured into a 
mold to achieve the desired shapes [53] and the cured gel may be further cut into smaller pieces 
if necessary. 
Polyacrylamide. The first hydrogel is polyacrylamide made up of acrylamide monomers and a 
crosslinker, bis-acrylamide. The gel is formed by free radical polymerization of acrylamide and a 
crosslinker, bis-acrylamide. Polymerization is initiated by ammonium persulfate (APS) with 
N,N,N,N'-tetramethylenediamine (TEMED) as the catalyst (Figure 8 A). 
        
Figure 8. A) Chemicals and chemistry of polyacrylamide, B) Schematics of enzyme embedded 
crosslinked polyacrylamide 
 
Polyacrylamide [29] is the most widely used matrix for entrapping enzymes. This synthetic 
polymer has a non-ionic nature that minimally affects the properties of the enzymes in the 
presence of the gel matrix. At the same time, the diffusion of the charged substrate and products 
is not affected [53]. The ratio between the amount of acrylamide monomer and bis-acrylamide 
crosslinker (Figure 8 A) controls the pore size and rigidity of the gel matrix and is used to 
optimize suitable separation for different applications. However, some materials such as 
Acrylamide/ bisacrylamide and TEMED are highly toxic and not suitable for medical 
applications. 
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Calcium alginate. Calcium alginate [34], a natural polysaccharide, is another popular choice due 
to its biocompatibility, low toxicity, relatively low cost, and mild gelation by the addition of 
divalent cations such as Ca
2+
. Alginate network is a linear copolymer [34] containing blocks of 
(1,4)-linked β-D-mannuronate (M) and α-L-guluronate (G) residues. The blocks (Figure 9 A) are 
composed of consecutive G-residues (GGGGGG), consecutive M-residues (MMMMMM), and 
alternating M and G-residues (GMGMGM) [34]. 
     
Figure 9. A) Chemicals of calcium alginate, B) Schematics of enzyme embedded crosslinked 
calcium alginate 
 
Gel formation of calcium alginate is, unlike polyacrylamide gels, reversible [34], that is, does not 
depend on the formation of more permanent covalent bonds between polymer chains. Rather, 
polymer molecules are cross-linked by calcium ions, in the place of sodium ions. 
Because of this, calcium alginate beads can be formed under extremely mild conditions, which 
ensure that enzyme activity yields of over 80% can be routinely achieved [34, 53]. However, just 
as easily as calcium ions can be exchanged for sodium ions, they can also be displaced by other 
ions. This property can both be advantageous and disadvantageous. If needed, enzymes or 
microbial cells can be easily recovered [53] by dissolving the gel in a sodium solution. On the 
other hand, proper caution must be exercised to ensure that the substrate solution does not 
contain high concentrations of those ions that can disintegrate the gel. 
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Gelatin. Gelatin is a collection of collagen, which is a peptide chain having amino acid 
sequences of Gly-X-Y repeating triplets [35], with the X and Y positions being occupied 
predominantly by Pro and Hyp, respectively. 
           
Figure 10. A) Chemistry and chemicals of gelatin, B) Schematics of enzyme embedded 
crosslinked gelatin 
 
Collagen and gelatin-derived products are widely used in the food, pharmaceutical, and cosmetic 
industries. The main attraction of using gelatin as the immobilization media [53] is that the gel 
formation process requires only simple equipment and that the reagents are relatively 
inexpensive and nontoxic. The enzymes can be more firmly attached to the matrix by using GA 
as linking agents. GA binds covalently (Figure 10 B) to the amine functional groups of proteins. 
Applications of Hydrogel. The development of an increasing spectrum of functional monomers 
and macromers broadens the versatility of hydrogel applications. Hydrogels have many 
applications in a wide range of industries from food processing to biomedical, to microfluidics 
because of their unique chemical and mechanical properties. Their chemical property such as 
hydrophilicity and highly biocompatible nature have been of great interest in medical 
pharmaceutical fields because such property resembles natural living tissue. Hydrogels such as 
PLGA, gelatin have long been used as controlled drug release platforms and others such as 
PMMA, alginate has applications in contact lenses, drug delivery devices, tissue scaffolds, and 
E 
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linings for artificial implants [14]. Mild fabrication methods for hydrogels also make them 
advantageous for many applications. 
Applications of Hydrogel as Sensing Materials. Hydrogels are soft materials that are sensitive 
to various stimuli such as physical stimuli (temperature, light, pressure, electric field and 
magnetic field), chemical stimuli (pH and ions) or biological stimuli (biological metabolites, 
glucose, enzymes, and antigens) [36]. The changes upon stimuli are often detected through 
volume difference. The degree of volume change is correlated with the magnitude of the 
stimulus and easy to be presented. In the presence of these stimuli, the hydrogels undergo phase 
transition by the sensing molecules and simultaneously translate this sense into a macroscopic 
event [37]. The conversion of hydrogel swelling to an electrical output is possible with various 
techniques like light transmission measurement [38], conductometry [39] and pressure generated 
[40] by the gel swelling. 
Applications of Hydrogel in Microfluidics. Hydrogels enable handling and analysis of small 
volumes of fluid [41] in a controlled manner when incorporated into the microfluidic device. 
Hydrogels undergo reversible volume changes in response to varying environmental conditions 
such as pH. Such ability to directly convert chemical energy into mechanical work makes 
stimuli-sensitive hydrogels suitable candidates for actuators including pumps and valves [41] in 
fluidics circuit, and their force generation has been studied in terms of unit mass. 
Hydrogel as Valve. Hydrogel has emerged as a new class of valve in microfluidics device to 
replace an electrical valve that requires an external power source (i.e. batteries). The swelling of 
the hydrogel may fill up space in the channel and provides resistance to the fluid flow and 
eventually blocks the flow. Some hydrogel valves with this principle in flow control have been 
reported. For example, a pH-responsive poly(hydroxyethyl methacrylate-acrylic acid) 
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(poly(HEMA-AA)) hydrogel [42] was incorporated into a microchannel to regulate the flow 
depending on the pH (Figure 11). If a solution is acidic (low pH) in the channel, the 
hydrogel valve is deactivated by shrinkage and allows the flow, but if the solution is basic (high 
pH), the same valve is activated by expansion due to swelling and blocks the flow [42]. 
This hydrogel valve not only combines sensing and actuating abilities but also requires fewer 
fabrication set-up and steps compared to that of traditional microfluidic valves. The ability to 
modulate valve performance in response to changes in the local environment will be important as 
we move toward more integrated and organic-based microfluidic systems [43]. 
 
Figure 11. Schematics of hydrogel valves with different geometries a) strip type: hydrogels along 
the channel swell to close the channel, b) gate type: cylindrical hydrogels at the beginning of the 
channel swell to close the channel 
 
Hydrogel as Flow Sorter. The flexibility in controlling volume change scheme give rises to 
variations of hydrogel valves. A flow sorter that actively diverts a flow down different paths 
based on two types of hydrogels that exhibit the opposite behaviors has been previously 
demonstrated. A poly(HEMA-AA) hydrogel [43] expands in high pH and contracts in low pH, 
while a poly(-HEMA-(dimethylamino)ethyl methacrylate) hydrogel contracts in high pH and 
expand in low pH. The hydrogel gates at each branch sense the pH of the input flow and routes 
the fluid down one of two paths based on the pH of the input [43] (Figure 12). 
A B 
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Figure 12. Schematic of a flow sorter [43]. At neutral pH, the flow goes left and right; however, 
at high pH, one gel expands while the other contracts to direct fluid right. The opposite occurs at 
low pH, the black gel expands in high pH while the white gel expands at low pH. 
 
This system could be utilized to regulate the direction of flow based on the pH of a fluid. By 
modifying the chemistry of the hydrogel valve, the output response can be adjusted to allow the 
device to be used in a variety of applications [43]. 
Choice of Materials: Enzyme 
Glucose Oxidase/Horseradish Peroxidase. GOx is a homodimeric oxidoreductase enzyme 
which exists as two 80 kDa monomers with two flavin adenine dinucleotide (FAD) molecules 
incorporated into the center of the dimer as a cofactor. FAD is a transient electron acceptor, 
accepting two electrons from glucose before transferring them to oxygen in the following 
reaction (1): 
 
 
(1) 
 
 
(2) 
 
GOx is a widely-studied enzyme that has been incorporated as a glucose sensor due to its 
stability and is also being investigated as a potential anodic enzyme in biofuel cell applications.  
glucose + O2          gluconic acid + H2O2 
H2O2
 
+ o-dianisidine          oxidized o-dianisidine + H2O 
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HRP, a heme-containing oxidoreductase, is another classic enzyme, famous for the use in 
bioassay called ELISA. HPR is often coupled to GOx to convert, the colorless product from the 
first reaction, hydrogen peroxide to the visible signal by oxidizing dye molecules (2). It has 
numerous substrates and is used extensively in biochemistry applications primarily for its ability 
to amplify a weak signal and increase detectability of a target molecule for a spectrophotometric 
measurement. The research presented in Chapter 3 details the utilization of bi-enzymes, GOx, 
and HRP, as a model sensing element in both SPR and paper-based glucose sensor development. 
In addition to an application standpoint, the fact that it is often studied makes it an ideal model 
enzyme; that is, the study of its immobilization within hydrogel matrices has the potential to 
yield information which could be useful for the immobilization of other enzymes. 
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Chapter 2. MATERIALS AND INSTRUMENTATION 
2.1.Materials 
Hydrogel. Acrylamide/Bis-acrylamide (19:1) powder, electrophoresis grade, ammonium 
persulphate (APS), tetramethylethylenediamine (TEMED), Gelatin from porcine skin, Alginic 
acid sodium salt, Calcium chloride, glucose oxidase (GOx), cholesterol oxidase (ChOx), 
horseradish peroxidase (HRP), o-Dianisidine (ODA), hydrogen peroxide (H2O2) were used as 
received. All of the reagents were purchased from Sigma–Aldrich. The Acrylamide/Bis-
acrylamide (19:1) powder was reconstituted to produce a 30% (w/v) stock solution. 10% APS 
(w/v) was made fresh each time. All solutions were prepared in distilled water or Millipore-
purified water. Glucose oxidase, cholesterol oxidase, and horseradish stock solution was made, 
respectively, and added to gel mix to achieve a final concentration of 1U each per device unless 
otherwise noted. Each gel block was washed once with 50 µl of distilled water to collect the free 
enzyme off the gel surface except for the alginate and the wash was used to evaluate enzyme 
encapsulation efficiency for different hydrogel matrix. All the experiments are done at room 
temperature. 
Sample. Glucose was purchased from Sigma-Aldrich. Blue food coloring was obtained from 
local grocery store. Glucose stock solution of 10 mg/ml was prepared. The glucose working 
solution was made by serially diluting the stock solution each time. 
Blue food coloring dye was diluted to make 0.1% solution and used as it is to track fluid 
migration for paper microfluidics study. 
Paper Microfluidics. Whatman filter paper grade 1 (GE Healthcare, standard grade), a double-
sided tape, plastic sheets, parafilm, plain paper copier transparency film 216 x 279 mm 
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(APOLLO, ACCO Brands), a pap pen (histology grade), biopsy punches (1mm, 2mm in 
diameter) were used. 
2.2.Instrumentation 
Olympus B1X1 microscope was used to capture the images of SPR sensor, a blank paper strip, 
and a PAG incorporated paper strip. The transmission spectra of SPR glucose sensor data was 
obtained from the spectrometer. Scanning electron microscope (HITACHI S-4800 SEM, JEOL 
JSM-6060LV SEM) acquired images of different hydrogels and surface of SPR device. A 
spincoater was used to created 1% gelatin thin film. A profilometry, Dektek, was used to 
determine the thickness of 1% gelatin thin film. A desiccator was used to dry and store the 
hydrogel samples. The intensity of enzymatic cascade reaction with color change was measured 
on a UV-vis spectrophotometer at 430 nm. The paper-based glucose sensor data was scanned 
with a scanner. The gel mold and fluid reservoir container were created by a 3-d printer, 
Ultimaker 2+, in Liu lab. A dimension of 4x5mm distance mark was serially printed on the 
Whatman filter paper grade 1 to be used to create paper microfluidic devices. The liquid 
migration was recorded using an iPhone 6 and the distance was analyzed using ImageJ software. 
The RGB analysis of glucose sensing data from the paper-based sensor was done with ImageJ. 
Plots are prepared with Origin software. 
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Chapter 3. EXPERIMENTAL METHODS 
3.1.Experimental Procedure 
3.1.1. co-immobilization of enzymes in different gel matrix 
In polyacrylamide gel: 10% polyacrylamide gel was chosen as working concentration as its 
immobilization efficiency was demonstrated to be 88-92% [54]. For the preparation of 100 µl of 
10% polyacrylamide gel, 33 µl of the gel stock solution and 1 µl of 10% APS was added to 66 µl 
of distilled water. Then respective enzyme was added one after another to achieve a final 
concentration of 1U each per device. Typically, one batch refers to 100 µl of the gel that has 4U 
of each enzyme to make a total of four devices with 1U of each enzyme, respectively. 0.5 µl of 
TEMED was added to the gel mix to initiate the polymerization, and 25 µl of the gel mix was 
quickly aliquoted to four corresponding tubes to achieve 1U/tube. Polymerization was done at 
room temperature for 10-20 min. The gel was either dried or suspended in Millipore water till 
further use. 
In alginate gel: 3% (w/v) alginate stock solution was made by dissolving sodium alginate in 
agitated water. The alginate was diluted, and the enzyme was mixed to achieve a desired final 
concentration. The alginate gel mix was aliquoted if necessary, and 1 ml of 0.2 M of CaCl2 was 
added. The mix was left for 30 min at room temperature for gelation. The CaCl2 solution was 
then kept for enzyme encapsulation efficiency test. The gel was either dried or suspended in 
Millipore water till further use. 
In gelatin gel: 10% (w/v) gelatin stock solution was prepared by dissolving gelatin in water at 
60 C. Hardening solution containing glutaraldehyde (GA) was made simultaneously. The 
working gelatin concentration was from 0.33%, 0.5% to 1% with 0.005% of GA. Enzymes and 
dye ODA was mixed to achieve a desired final concentration. The gel was cured overnight in the 
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96 well plate at room temperature. The gel was either dried or suspended in Millipore water till 
further use. 
3.1.2. Characterization of Enzyme Encapsulation in Hydrogel 
Assays of enzyme activity. Entrapment efficiency and preservation of immobilized enzyme 
activity study were conducted to define the best gel media for enzyme entrapment. The catalytic 
kinetic assays using UV-vis absorption spectra methods were carried out at room temperature. 
A percentage of the enzymes initially captured in gel matrices determines the efficiency of 
immobilization. The formed gel was washed once with distilled water to collect the enzyme that 
did not incorporate to the gel network. Its activity, the ability to convert their respective 
substrates into their products was measured. Then, the activity of unbound enzyme was 
compared with the activity of the total enzyme determined by the standard curve to calculate the 
amount immobilized in the gel network. 
The wash containing unbound enzyme was tested with 5mM of glucose for 30 min and the 
intensity of ODA was measured at A430nm. Likewise, the activity of the immobilized enzyme 
was measured the same way with different concentrations of glucose. The activity of the 
immobilized enzyme was compared with the activity of the total enzyme to calculate how much 
the activity of the immobilized enzyme is preserved. 
Immobilized Enzyme Stability test. In order to test shelf-life of the immobilized enzyme in 
dried hydrogel matrix, the PAG containing enzyme was dried and rehydrated to measure the 
enzymatic activity at day 0, 1, 3, 7, 14, and 28. The testing glucose solution had a concentration 
of 5mM and the reaction time was 30 min. 
Immobilized Enzyme Release profile test. After enzyme immobilization, the PAG was 
suspended in water, and the solution was collected at day 0, 1, 2, 3, 7, 14 to test how well the gel 
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network holds the enzyme inside for a prolonged time in an aqueous media. The activity of 
diffused enzyme in the collected solution was compared with the activity of the total enzyme to 
calculate the amount retained in the gel matrix. The testing glucose solution had a concentration 
of 5mM and the reaction time was 30 min. 
3.1.3. Glucose Sensor Testing 
The FC, Gel, and RC (see Fabrication) were aligned to make a final assembly (Appendix). 20 ul 
of glucose solution of different concentrations was added to each sensor. The reaction was run 
for 10 min and stopped. The reaction was timed. The tested RC are scanned with a scanner for a 
consistent condition for light across all the samples and analyzed with ImageJ for RGB analysis. 
3.2.Fabrication Procedure 
Fabrication of Paper Microfluidic Device. Paper devices were fabricated from Whatman filter 
grade 1 cellulose chromatography paper sheets, 20 cm by 20 cm in size. Chromatography paper 
was chosen due to its intended use as a lateral flow platform for analytical chemistry. The grade 
1 is considered the standard chromatography paper. Properties of the paper 1 and 17 are given in 
Table 4. 
 
 Table 4. Properties of Whatman filter paper 
Paper Type 
Basic Weight 
(g/m
2
) 
Thickness (µm) Porosity 
Flow Rate 
(mm/min) 
Whatman 1 87 180 67.8 4.33 
Whatman 17 325 700 69.1 6.33 
 
Device dimensions were designed electronically and printed to scale onto the grade 1 filter paper 
using an HP LaserJet P205X series PCL6 printer. For every strip, markings were made along the 
length of the device (perpendicular to the intended flow direction) in 5 mm increments to track 
flow progression in the paper during experimentation. Paper devices were cut using scissors or a 
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stationary knife, the schematics of resulting paper device is shown in Figure 3. The marking is 5 
mm and the width is 4 mm. The length varied. 
 
Figure 13. Schematics of paper device dimensions with 5 mm increment markings to track flow 
progression. 
 
Fabrication of Hydrogel Slab 
Fabrication of Hydrogel Mold. A set of molds was designed to fabricate the hydrogel of 
desired shape and volume. 
Hydrogel molds were fabricated to give hydrogel a desired shape and pattern the paper device. 
They were designed using Cura software (ver.2.1.2) and printed with a 3d printer, Ultimaker 2+, 
with white PLA as printing material. Five hydrogel molds were fabricated, each differing the 
height by 1 mm. The overall dimension is illustrated in Appendix. The gel from second mold 
(Gel 2) was used to create the sensing zone of the paper-based glucose sensor and the gels from 
the first three molds (Gel 1, 2, 3) were used to fabricate flow regulating components of the paper 
microfluidic device. 
Fabrication of hydrogel incorporated device. In short, paper strips and cured hydrogels are 
aligned, stacked and dried (Figure 14). For consistent hydrogel fabrication, hydrogel mold was 
created first and used (Method above). 
Incorporation of Hydrogel into the Paper Network. A paper strip was prepared on a double-
sided taped plastic part to give the paper a rigidity to overcome the shrinking power of the 
hydrogel while drying. A slab of 10% PAG was made with the gel mold 1, 2, and 3 described 
Length 
Width 
Markings 
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above. Once solidified, the PAG slab was carefully removed from the mold and placed on a 
piece of strip to pattern the paper device. Two devices were fabricated (Figure B i and ii). The 
device was dried in a desiccator overnight. 
Figure 14. A) Top view of hydrogel incorporated paper device (B i, ii), white: paper, green: 
hydrogel, B) Side view of two types of hydrogel incorporated paper device. B i) Gel 
incorporation into one paper strip, B ii) Gel as bridge between two paper strips. Hydrated state 
(Top), dried state (Bottom) 
 
Fabrication of Paper-based Glucose Sensor. The paper-based glucose sensor consists of three 
components, a feeding channel (FC), a sensing zone, and a reading channel (RC). Each is made 
individually and assembled to make a functional device (Figure 32, APPENDIX B). Whatman 
no.1 paper is printed in a way described in paper device fabrication method and cut into pieces of 
a dimension of 4 x 10 mm (L10). The L10 is used as FC as fabricated. 
Fabrication of Sensing Zone and Incorporation to FC. The 10% PAG mix containing 1U 
GOx/HRP was shaped with the gel mold 2. The solidified enzyme gel is carefully removed from 
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the mold and placed onto a L10 to pattern. The enzyme gel is then combined with the FC (FC-
Sensor). 12 FC-sensor strips were made and labeled. 
Fabrication of Reading Zone. 1-2 ul of ODA was dropped on a L10 and dried.  
Final assembly. The FC-Sensor and RC are aligned to make a final assembly. 
The overall sensor fabrication scheme is illustrated in Appendix. 
Fabrication of Reservoir Container. A reservoir container was fabricated to play a role as an 
ideal fluid source for paper microfluidics experiments. The reservoir has a dimension of 10 x 70 
x 10 mm. The design was done by Cura software (ver.2.1.2) and printed with a 3d printer, 
Ultimaker 2+, with white PLA as printing material. The dimension is attached in the Appendix. 
Preparation of Reservoir Solution. To improve the visibility of fluid motion in the paper strip, 
the water used in experiments was dyed with blue food coloring at a concentration of 0.5%. A 
low concentration was used to avoid alteration in the chemical properties of water. Stock 
solutions were prepared in 250 mL batches prior to experiments, stored at room temperature, and 
replenished as necessary. 4 ml of the solution was used for each experiment. 
Introduction of paper sample to fluid reservoir and measurement of liquid migration. A 
reservoir container was filled with 4 ml of the dyed water to prepare the fluid source. It was 
considered as an ideal fluid source. The dyed water was replaced after each set of experiments 
for consistency. A paper sample was folded at the first 5 mm marking, the 5 mm below the fold 
was submerged in the fluid reservoir. An iPhone 6 was mounted on the top of the setting to 
record liquid migration. A thin PDMS slab was placed under the other end of the sample and 
used to mount it at the last 5 mm marking with a pin. Video recordings of the experiments were 
used to obtain measurements of the time (in seconds) at which the fluid reached each 5 mm 
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marking along the paper strip sample. A time of 0 seconds and a distance of 0 mm was assigned 
where the fluid passed the fold in the paper sample. 
3.3.SEM Imaging 
A JEOL 6400 and HITACHI S-4800 scanning electron microscope (SEM) were used to acquire 
a visual depiction on the microscale of 1) hydrogel surface, 2) the fibrous medium of Whatman 1 
filter paper as well as 3) the hydrogel incorporated paper network. Hydrogel surface was 
prepared by dropcasting on SPR surface. Each sample was sputter coated with gold to prevent 
charging of the paper samples during imaging. 
3.4.Computational Model Development 
A computational model capable of predicting flow behavior in paper-based microfluidic devices 
were developed using Matlab (code in APPENDIX D). Known values such as properties of 
materials are used as manufacturer‟s description. Values for key parameters are phenomenically 
determined from liquid migration experiments. A detailed description of the workflow is 
illustrated in Chapter 4. 
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Chapter 4. RESULTS AND DISCUSSIONS 
4.1.Hydrogel characterization 
SEM images. Images of morphologies of three types of GOx immobilized hydrogels are 
obtained with SEM (Figure 15). The pores of PAG and SDS-PAG vary in size. The pore size of 
PAG decreased with the addition of SDS (Figure 15 a, b). The pores of gelatin were undetectable 
with SEM (Figure 15 c). 
Figure 15. SEM images of GOx immobilized a) PAG, b) SDS-PAG, and c) Gelatin 
 
Enzyme immobilization and activity of the co-confined GOx/HRP in different hydrogel 
matrices. GOx and HRP were simultaneously confined into the pores of the hydrogel by 
entrapment. (Figure 16 a). 
a) b) c) 
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(3) 
 
 
(4) 
Figure 16. A) Schematic representation of enzymatic cascade reactions in hydrogel. Glucose and 
ODA are added to trigger the reactions, B) Chemistry of the enzymatic cascade reactions 
 
The catalytic activity of enzymes was investigated by UV-vis spectra using ODA as the 
colorimetric substrate. In the presence of glucose and ODA, a cascade reaction catalyzed by GOx 
and HRP took place (Figure 16 b). 
0.33 %, 0.50 % and 1 % of alginate and gelatin concentrations were tested in order to choose the 
optimal concentration along with 10% PAG and SDS-PAG with respect to immobilization and 
working efficiency of enzymes (Figure 17). The maximum enzyme immobilization is achieved 
by 0.50 % (w/v) of gelatin, indicated by the lowest GOx/HRP activity in the wash, 4.2 ± 3.6%, 
while the working activity of the immobilized enzyme was the highest, 80 ± 5.3%, in the case of 
10 % of PAG. The result suggests that the network of 0.5% gelatin might be denser (i.e. smaller 
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pore sizes) than that of 10 % PAG. The SEM images of PAG and gelatin supports this finding 
(Figure 15). The pores of gelatin were undetectably small with SEM. These small openings could 
have acted as a diffusional barrier to substrates and products and slow down the overall reaction 
speed in the gelatin. 
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Figure 17. Immobilization and working efficiency of GOx/HRP in hydrogel. A) activity of un-
encapsulated enzymes in Alginate, PAG, SDS-PAG, and Gelatin wash. B) activity of 
encapsulated enzymes in Alginate, PAG, SDS-PAG, and Gelatin. 
 
It is important to note that the formulation method for alginate such as adding CaCl2 solution to 
the alginate mix was not suitable for this study as the introduced CaCl2 solution lowered the 
concentration of alginate so it was not possible to achieve the desired concentration. Also 
possibly because of the pressure from pouring, the enzymes easily come out to the solution and 
had the lowest encapsulation rate suggested by the high unbound enzyme in the wash (~70-75 %) 
(Figure 17). The alginate gel is typically formulated by dropwise addition to CaCl2 and reported 
to entrap as high as 99% of enzymes. However, since it is limited to fabrication of small 
spherical gel (~100 µm to ~0.1 µm), this method does not suit our purpose. One of the 
requirements for the sensing zone material is an ability to form a uniformly thin film. Thus, 
A           B 
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alginate is not considered for the subsequent experiments. 
SDS-PAG was also tested because an anionic detergent, SDS, helps disperse the PAG gel mix on 
a hydrophobic surface and it is the supporting medium widely used in electrophoresis to separate 
proteins based on molecular mass. The result showed poor performance compared to PAG such 
as a higher unentrapped enzyme in the wash, 48.7 ± 6.8% vs 25.4 ± 3.6% (SDS-PAG vs PAG) 
and a lower activity of entrapped enzyme, 59.4 ± 3.9% of vs 80 ± 5.3% (SDS-PAG vs PAG). It 
could be because the SDS denatured immobilized enzymes so that protein‟s active sites which 
are responsible for their functions might have been compromised. 
According to the enzyme encapsulation and enzymatic activity study, 10% PAG was chosen as 
model hydrogel matrix to characterize hydrogel properties further for the enzyme encapsulation 
as well as the material for the sensing zone of the paper-based biosensor because it demonstrated 
the best performance overall. Also, fabrication of PAG is time effective; the polymerization 
takes only 10 min. Gelatin was the most efficient in entrapping enzymes, but it cost a lot of time 
(~10 hrs) to solidify. 
Next, in order to determine a proper material for the sensing zone of SPR sensor, the PAG and 
gelatin are tested to encapsulate the substrate dye, ODA along with the two enzymes, GOx and 
HRP. Gelatin was chosen for the SPR sensor because it was stable when the ODA was mixed, 
whereas PAG was not (data not shown). Gelatin is viscous and also capable of dispersing well on 
a silicon surface, which is a good property for making a thin layer of the sensing zone. 
Characterization of Immobilized GOX/HRP Kinetics. The hydrogel properties for the 
enzyme encapsulation was further characterized using 10% PAG. The reaction rates of the co-
entrapped enzymes in PAG were determined from the Lineweaver-Burk plot (Figure 18 a). The 
Michaelis-Menten constant, Km, and the maximum rate constant, Vmax, were determined from 
39 
 
Lineweaver–Burk plot. The reaction kinetics of free enzymes and those entrapped in the 
polyacrylamide gel was compared and the corresponding Km and Vmax were calculated from 
the plots (Figure 18 b). Km of co-confined enzymes was higher ((1.92 ± 0.19) x 10
-2
 M) than that 
of free enzymes ((2.61 ± 0.24) x 10
-3 
M), while Vmax was lower (6.68 x 10
-3
 M s
-1
 vs 10.9 x 10
-3
 
M s
-1
), indicating that the enzymatic activity of co-confined was reduced compared to that of free 
enzymes. The reaction rates of the co-entrapped enzymes are much slower than those of free 
enzymes in solution. 
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Figure 18. A) Lineweaver-Burk plot for free enzyme and co-entrapped GOx/HRP in PAG or 
gelatin, B) comparison of Km and Vmax of activity of free enzymes and co-entrapped enzymes 
in PAG and gelatin 
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Release Profile, Stability, and Repeatability of co-immobilized GOx/HRP. It is important to 
examine how well hydrogel network prevents the enzymes from diffusing out to surrounding 
aqueous buffer and how long enzymes remain active in the dried state of hydrogel network to 
determine the practicality of hydrogel encapsulation. It was found that the hydrogel network 
slowly releases the enzymes as water penetrates into the matrix over time (Figure 19 a) while any 
apparent disintegration of the hydrogel structure was not observed (data not shown). At day 14, it 
is estimated that 72 ± 10.34% of the enzyme diffused out (Figure 19 a). Therefore, it is not 
recommended to store enzyme containing hydrogel in buffers like water or PBS for a long time. 
A long shelf-life is desirable for a biosensor. The results show that the enzymes are active for a 
prolonged time in the dried state up to 28 days (Figure 19 b) and the hydrogel regained its 
original shape and volume when rehydrated (data not shown). It was concluded that the long 
storage in a dried hydrogel does not affect the activity of the enzymes. The variability across the 
activities of samples (~10 %) (Figure 19 b) could be due to batch-to-batch variability during 
sample fabrication. 
The ability to reproduce the activity was, however, low as shown in Figure 19 c. The enzymatic 
activity drastically dropped from the second to the third repetition (from 76 % to 37 %) and 
continued to drop. Two possible reasons are that 1) a fraction of enzymes are released when the 
gel was washed in between each reaction and 2) the pores might have been clogged from the 
products after a series of reactions and the diffusion was not very smooth for the glucose to enter 
after each time. The clogging is explained by the build-up of orange-brown color from the 
oxidized ODA at the surface of the gel (data not shown). The intensity of the color increased 
each time. This appears to be the limitation of wet chemistry that measures the changes in 
solution which is basically the diluted products. Biosensors that are sensitive to the changes at 
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the sensing surface such as SPR sensors or capable of concentrating the products in a small area 
like a „reading zone‟ as in paper sensors should be able to solve this problem and the 
development and the demonstration will be presented in the next section.  
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Figure 19. Enzymatic activity of GOx/HRP in PAG, A) activity of un-encapsulated enzymes in 
wash at day 0, 1, 4, 7, and 14, B) activity of enzymes in dried PAG at day 0, 1, 3, 5, 7, 14, 21, 
and 28, C) activity of encapsulated enzymes for repeated use. 1U/enzyme/sample, 5mM of 
glucose was used for testing. 
 
4.1.1. Conclusion 
This work demonstrated co-encapsulation of two enzymes, GOx and HRP, in three different 
hydrogel matrices, PAG, alginate and gelatin, and explored the possibility of further 
encapsulating one more molecule, ODA. The efficiency of an immobilization process was 
evaluated by 1) the initial percentage of the enzymes retained in gel matrices, 2) the preservation 
of the enzymatic activity, 3) how well the gel matrix physically restrains enzymes from diffusing 
back into the substrate solution at a later time, 4) how long the enzymes remain active in dried 
gel, and 5) the repeatability of immobilized enzyme‟s activity. From the results from the first and 
the second criteria, 10% PAG was chosen as model hydrogel matrix to characterize hydrogel 
properties for the enzyme encapsulation. It was found that hydrogel matrix is a robust enzyme 
entrapment media as a dehydrated state but not very reliable in an aqueous solution for an 
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extended time. 
10% PAG was also chosen as the material for the sensing zone of the paper-based biosensor 
because of the good performance, the ease of fabrication, and versatility of pattern formation. 
4.2.Computational Modeling of μPADs 
First, we seek a basic understanding of the behavior of hydrogel in fluidics by applying electrical 
circuit analogies. Hydrogel‟s behavior is tested and elucidated with a series of experiments. 
Electrical elements conceptually relevant to the gel‟s behavior in paper fluidics were defined. 
Some basic equations with the new parameters were identified to describe the gel‟s behavior. 
The electrical modeling is, then, applied to a hydrogel modified paper network. For validation, 
we computationally and experimentally explore both the behavior of a simple paper format and 
that with a hydrogel under a variety of different design conditions. 
4.2.1. Electrical Circuit Modelling of Fluid Flow. 
Electrical circuit modeling has been used a tool to analyze and design complex microfluidic 
systems [55] , since it was shown to be capable of integrating the key characteristics of flow 
behavior in these fluidic networks, simultaneously reducing the required computational time and 
power [55]. Some applications include modeling flowmeters, differentiating cell types based on 
their electrical properties, and detecting cancer cells [56-58]. 
Fluidic elements and their electrical equivalents. Fluidic elements in capillary-driven flow in 
porous media are described using their corresponding electrical circuit elements in Table 5. 
Pressure (P) is created by capillary force or gravity and represented as voltage (V). Resistance (R) 
is proportional to the viscosity of traveling fluid (µ) and dimensions of the wicking material 
(cross-sectional area: Width * Height, wetted length: L) and the permeability (κ). Fluid flow rate 
(Q) is described as electrical current (I) [47, 59-60]. Atmospheric pressure is considered as fluid-
43 
 
air interface and represented as electrical ground at inlets and outlets. Altogether, the relationship 
of the fluid flow rate to the driving pressure and viscous resistance is termed as one-dimensional 
Darcy‟s Law, which is the equivalent of Ohm‟s Law in electrical circuits [47, 55-57].  
 
Table 5. Electrical equivalents for capillary-driven flow components 
 
 
 
 
(5) 
 
The capillary pressure (Pp) of the wicking membrane is constant for a selected set of material and 
fluid since it is dependent on their properties such as the surface tension (γ), contact angle (θ) at 
the interface of the fluid and the wicking material, and distribution of capillary pore size of the 
material (r). We assumed a well is an infinite fluid source that provides „ideal release‟ of fluid 
and treated as „ground‟ in an electrical circuit model. Thus, the well is adapted to a fluid source 
and used throughout in the project. 
Fluidic resistance through a simple capillary based wicking material of consistent width is 
defined as:  
 
 
(2) 
 
The viscosity of traveling fluid (µ), and the permeability (κ), cross-sectional area: W * H of the 
membrane remain constant for a chosen set of strip and fluid. The length of strip being wetted by 
flow (L), however, is changing with time until the given length is completely wet out. The fluid 
Electrical Parameter Fluidic Parameter 
Voltage (V) Capillary Pressure (P) 
Current (I) Volumetric Fluid Flow Rate 
(Q) 
Resistance (R) Resistance (R) 
Ohm‟s Law (V = IR) Darcy‟s Law (P = QR) 
Pp= 2γ cosθ /r 
R =  
𝜇L
κWH
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front progresses with time and the wet-out length and the resistance increases accordingly. When 
a given zone of the device has been completely wet out, the wetted part, however, becomes 
constant and so did the resistance. The changing resistance of the paper strip is electrically 
viewed as a potentiometer. 
4.2.2. Demonstration of Electrical Circuit Model.  
Wicking of Simple Strip with Ideal Fluid Source. First, simple fluid flow through a straight, 
initially dry strip from an ideal fluid source is demonstrated. The rate at which fluid wicks 
through a porous membrane is affected by two opposing forces: 1) the capillary pressure of the 
paper (Pp) that pulls fluid, and 2) the viscous resistance (R) that slows down the fluid speed 
through the pores. The relationship of the increasing traveling length and the increasing 
resistance with respect to time is depicted in (Figure 20).  
This is also converted into a simple electrical circuit model ( ). The ideal fluid source is 
considered as electrical ground (Ps = 0).  
We find that: 
 
 
(3) 
and  
 
 
(4) 
 
The scaling (L
2 
~ t) found in Equation 4 matches with the Washburn expression used for 1D 
capillary-driven flow through a cylindrical tube [47, 61]. A simplified Washburn expression is:  
 
 
(5) 
Q t =  εWH
dL t 
dt
=  
Pp
R
=
κWHPp
μL t 
  
L2 = 
2Ppκ
με
t 
L2 = 
γD
με
t 
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Where γ and D are surface tension and pore diameter, respectively. Thus, the electrical 
comparison is validated and useful for understanding and modeling of basic concepts of 
capillary-driven flow in a porous medium. 
 
 
Figure 20. Principles of wicking into simple paper strips A) Schematic of wicking into a straight, 
initially dry strip. Wicking is driven by capillary pressure (Pp) and conflicted by resistance to 
flow from pores; the result is a slowing of wicking rate over time. B) A representation of an 
electrical circuit model for wicking into a strip. C)  A representation of migration plot of the fluid 
front as a function of time for an infinite fluid source 
 
Washburn behavior of a simple strip. Flow behavior of a simple strip was experimentally 
verified with two types of strip, each having 1 mm and 4 mm width, respectively. The results 
(Figure 21) show that there is a clear linear relationship time and distance travelled by water 
(L
2
~t), which is the characteristics of Washburn behavior, though there is a variation in speed for 
different strips; water travelled faster along the narrow 1mm strip. The slopes are determined to 
be 10.6 ± 0.2 mm
2
/sec (n=3) and 8.32 ± 0.32 mm
2
/sec (n=3), for 1mm and 4mm strips, 
respectively. This might indicate narrower strips pass liquid faster.  
t1 t2 
Pp L(t) L(t) 
Time, t 
L2 ~ t 
A B C 
Pp 
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Figure 21. Experimental determination of the wicking behavior in paper strips 
 
Although both the Washburn equation and Darcy‟s law do not include a width parameter, some 
studies found that the width of a strip might have an impact on flow behavior [62-63].  My 
experiments support that increasing the width of the paper decrease the wicking velocity. 
4.2.3. Application of Electrical Circuit Model 
Wicking of Hydrogel incorporated Strip with Ideal Fluid Source. Second, fluid flow through 
a hydrogel incorporated device was demonstrated. Dried hydrogel is acted as a bridge to 
transport liquid from one strip to another as it absorbs liquid. Fabrication and assembly of the 
device is illustrated in Method section. We considered fluid flow after initial wet-out (Figure 22) 
has occurred, that is, the initial condition. 
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Figure 22. Graphical description of initial wet-out flow (left) and fully wetted flow (right) 
 
Modeling of Hydrogel incorporated Strip with Ideal Fluid Source. In order to determine 
relevant electrical element for hydrogel, the wicking behavior of the gel was experimentally 
determined. The electrical circuit model for the gel system (Figure 23 b) is similar to that of the 
simple strip with an additional block in the middle to represent gel. Next, a wicking test was 
performed to determine a conceptually corresponding element in circuit for the gel. This 
completes electrical circuit analogies that is necessary for the model development. 
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Figure 23. Wicking model for hydrogel incorporated paper strips A) Schematic of a straight and 
dry hydrogel incorporated paper strip. B) A representation of an electrical circuit model for 
wicking into the hydrogel/paper strip. 
 
Incorporation of hydrogel to the network. A piece of blank Whatman paper and a hydrogel 
deposited paper was visualized with HITACHI S-4800 SEM. A rough surface of the Whatman 
became smooth due to the hydrogel layer. The hydrogel filled in the holes and pores of the paper. 
After hydrogel incorporation, the Whatman surface became featureless (Data not included). Also, 
the fact that the liquid was successfully delivered to the end of the device despite of the gap in 
the middle is another proof of successful incorporation into the paper network. This finding is 
discussed in the next section. 
strip 1 
strip 2 
gel 
water 
source 
Gel as bridge to 
transport liquid from 
one strip to another 
A. B. 
Pp 
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4.2.4. Hydrogel as an Electrical Switch.  
The hydrogel was included between two strips (Figure 23 a) to test its capacity to transport water 
from one strip to another. There is a 1 mm disconnection gap in the middle of the device. The 
wicking membrane is viewed as a voltage source. In the first stage of delivery, the fluid migrates 
at an almost constant rate and then stops at the dried gel (Figure 24 a, c). Once, the gel has 
adequately absorbed liquid, the migration continues but at a slower rate (Figure 24 a, c).  
This behavior was observed experimentally. The dried gel connecting two strips through a 
narrow gap successfully allowed a discrete delivery of liquid sample (Figure 24 d). This discrete 
delivery resembled the idea of a switch in electrical circuit. We further made a connection for the 
working principle of the switch. The gel turns “on” and passes liquid when it absorbs enough 
liquid. We viewed this sufficient amount to “turn on” the gel as “turn on” voltage and concluded 
that the gel has a behavior of Zener diode which is activated (or “turned on”) when it experiences 
a defined level of voltage (or “turned-on voltage). The absorption of liquid in the gel is, likewise, 
conceptually equivalent to the charging of electrons in capacitor. We first speculated that the 
behavior of the gel could be described by a capacitor and a diode connected in parallel. However, 
we overlooked that a capacitor essentially behaves as a wire and passes flow as it does not have 
any resistance in the beginning. We need more explanation for the migration stop at the gel. An 
inductor was introduced to exhibit barrier to the flow in the beginning. Moreover, we feel a 
resistor was necessary to be placed next to the diode in series to control the turn-on time of the 
diode. We finally concluded that the behavior of the gel could be explained by a combination of 
four elements: a diode, a capacitor, an inductor and a resistor (Table 6) and finalized an electrical 
circuit model (Figure 24 B, left).  
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The experimental result (Figure 24 D) shows a distinctive three stages of fluid migration. In the 
first stage, the fluid rapidly traveled before the gel making a sharp slope. Upon reaching the gel, 
the fluid stops for the all three cases and the speed became almost zero (the second stage). After 
some time, the fluid through the gels was transported to the other side; the flow thorugh the gel 1 
resume the first and the gel 3 the last – a trend corresponding to the gel size. All the second flow 
after the gels was slower than their first flow. 
 
 
 
Figure 24. Wicking behavior of hydrogel incorporated paper strip. A) After initial wet-out occurs, 
fluid migrates until it reaches the gel. After some time/fluid absorption, fluid continues to 
migrate. B) Circuit model for the hydrogel incorporated paper strip. C)  A representation of 
migration plot of the fluid front as a function of time. D) Experimental plot for the fluid 
migration with various gel thickness at a fixed gap distance (blank, black; gel 1, red; gel 2, green; 
gel 3, blue) 
 
In the first stage, the flow (Q1) is delivered by the capillary pressure of the first strip (Figure 24 
B, left). When the flow (Q1) reaches the dried gel, the capacitor (C) passes the flow but the 
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inductor (L) (on the left in the dotted box) exhibits resistance and blocks the flow causing it to 
redirect to the right side. The resistor (R) in parallel also blocks the flow and altogether stops the 
entire flow temporarily (Figure 24 B, middle). The resistance of the inductor decreased over time 
while the capacitor builds up resistance and block the flow on the left side. Eventually, the flow 
exceeds the resistance on the right side and turns on the diode (Figure 24 C right).  The fluid 
resumes the migration and delivered to the second strip but at a slower rate (Q2) because of the 
effect of resistor and the diode in the gel. A determination of each element, C, L, and R, is often 
difficult and not encouraged. Instead, the behavior of C, L, and R is typically collectively called 
effective impedance (Ω) and experimentally determined using the relationship with migration 
retardation rate (Table 6).  
 
Table 6. Electrical equivalents for flow behavior of gel in the device 
 
 
Activation of the Gel Switch depends on the gel size. Three gel bridges differing the height by 
one millimeter each was used (gel 1, h=1mm; gel 2, h=2mm; gel 3, h=3mm). We track the fluid 
progression at a fixed gap distance of 1 mm. As predicted, the bigger the gel size, the slower the 
flow was delivered to the next strip at a fixed gap distance (Figure 25). We also observed a trend 
for activation of the gel based on the size. At a gap distance of 1mm (Figure 25), the activation 
time for each gel is 85 sec, 348.5 sec, 741.5 seconds, respectively. Approximately, a ratio of 1: 4: 
8 was found. 
Gel component Electrical parameter Fluidic parameter 
Diode (D) Turn-on voltage (V) Turn-on volume (ul) 
Capacitor (C) Capacitance (F) Effective 
impedance 
(Ω) 
Migration retardation 
rate (sec/mm) Inductor (L) Inductance (H) 
Resistor (R) Resistance (Ω) 
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Figure 25. Fluid migration plot using various gel size to transport the flow at a fixed gap distance 
of 1 mm at location 0-1 mm 
 
4.2.5. Computational Modeling of Device 
The computation was developed to track the behavior of the system over time. The flow 
progression was monitored, and the experimentally obtained results are compared to the device 
behavior predicted by the model. The MATLAB code (APPENDIX D) was formulated using 
finite difference method.  
Define relevant system parameters and define initial conditions. The parameters include 
inherent properties of the wicking membrane, wicking hydrogel, and fluids (Pp, H, Cap, κ, µ, Ω, 
V), as well as device design parameters (W) (Table 7, APPENDIX C). Properties of the wicking 
membrane were determined experimentally or by material specifications. We considered system 
behavior only after initial wet out occurred; in other words, some amount of fluid was already 
released from the sources and sections of the membrane.  
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The resistance from the paper was calculated using the derived equation in the previous section. 
The volumetric flow rate in the first strip, Q1, was calculated based on Darcy‟s law (Figure 26, 
middle). Since the bridge, a dried gel, expands to regain its original size upon meeting the liquid, 
we conceptually assume the first strip as a feeding channel to deliver liquid to fill the container 
(the dried gel) before the second strip. The liquid will be transported to the second strip once the 
tank is filled and the migration will continue. This means that each hydrogel has a specific 
capacity to hold liquid based on its original size which is the volume that make up the hydrogel 
initially. We assumed that this original volume is related to the migration retardation rate 
(sec/mm) described in Table 6. It is reasonable to imagine the gel would start to pass the liquid 
when the gel absorbs enough to go back to its original state. Thus, we concluded that the “turn-
on” volume for the diode would be proportional to the hydrated volume of the gel bridge. Since 
the gel 1, gel 2, gel 3 had a volume of 25, 50, 75 µl, respectively, we used a ratio of 1:2:3 to 
specify the “turn-on” value for the switch in the simulation. The impact of the resistance and 
Zener diode on the subsequent flow, Q2, was not fully determined in this thesis. We observed a 
slower traveling speed in the second strip.  
 
 
 
Figure 26. Workflow for computational model design. 
Specify simulation 
parameters: Paper 
width, thickness, water 
viscosity, paper 
permeability, etc. 
Set up parameters for 
simulation: 
- Resistance:  𝑅 =
𝜇𝐿
𝜅𝑊𝐻
 
- Fluid flow rate:  𝑄 =
𝑃
𝑅
  
(Darcy’s law) 
Main loop: 
- Depending on the 
current position, 
update the 
resistance and flow 
rate. 
- Calculate the flow 
using the finite 
difference method. 
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Track system progress over time. Using a loop and the previously determined initial conditions, 
we tracked critical variables within the system over time. The simulation data was compared 
with the experimental data.  
4.2.6. Simulation Demonstration 
The computational model successfully simulated the “go-stop-go” trend of the hydrogel/paper 
fluidic behavior. Especially, the simulation exactly matches the initial stage of fluid migration of 
the experimental data (Figure 28). Both showed a fast initial delivery rate. However, there is 
some discrepancy regarding the activation stage. They do not exactly follow the volume 
dependent ratio of 1:2:3 that the computation is based on but still show activation in a volume 
dependent manner. It is also observed that the beginning of the second flow is very slow; for the 
first 5 mm of the second strip, the liquid travels at a much slower rate. We speculate that it is 
because the beginning of the second strip is still under the influence of the gel. The capillary 
pressure might be experiencing the conflicting pressure from the gel, and the liquid progresses 
slowly in the meantime. This looks like a plausible explanation since this phase gets longer as 
the gel size increases and the liquid, right after that, recovered the traveling speed which 
remained consistently until the end of the strip (Figure 28). 
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Figure 27. Experimental and model behavior of flow in μPADs with three cases of gel at 1 mm 
gap at the distance 20 mm 
 
4.2.7. Conclusions 
In this section, we introduced basic concepts of wicking, explored their mathematical 
descriptions, Washburn and Darcy equations, and explained elements in paper-based fluidics and 
their conceptually matching electrical circuit elements. With this relationship, an electrical 
modeling for a simple paper-based fluidic network was demonstrated and validated. We 
expanded to include more complex wicking materials. 
Moreover, a flow control capability of hydrogel was demonstrated. The hydrogel was able to 
bypass the cut in the middle of channel and deliver liquid from one place to another without any 
external power source. This was an interesting observation and a unique property to consider in 
designing a microfluidic device. Also, the flow transport was done in a volume dependent 
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manner. This trend can be exploited to control the flow. For example, the hydrogel can be used 
as a slow acting valve and its activation rate can be tuned by differing the mass. With this trend, 
the realization of a clean sequential reagent delivery would be possible that will significantly 
improve the performance of a multi-step chemistry. The hydrogel, therefore, appears to be a 
desirable material that is likely to advance the μPADs which is growing in its capacity and 
complexity. This finding will broaden an application window for the hydrogel as a flow control 
element in fluidics.  
Though, there was some inconsistency in the experimental data. Some parameters, such as 
capillary pressure, permeability are difficult to define due to the complex, non-uniform structure 
of the porous medium. These parameters were experimentally determined for the model 
development. However, such membrane and hydrogel characteristics may vary between material 
batches and thus, experiments on one membrane may not hold true for another sheet of the same 
material. 
Possible sources of error in the computational model include:  
 The incorporation of inaccurate system parameter values into the model 
 Optical aberrations from the camera 
4.3.Glucose Detection using Hydrogel Incorporated μPADs 
In the previous chapter, we have investigated the reagent pre-storage capacity of the hydrogel 
which is the important requirement for μPADs elements. Using hydrogel as a structural 
component, we tested the diagnostic capability of a μPADs. We generated a hydrogel 
incorporated μPADs to perform a glucose detection assay (Figure 28 A); the final assembly can 
be found in Appendix B. 
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Figure 28. A) Schematic representation of hydrogel based paper microfluidic device. Glucose is 
added to trigger the reactions, B) Glucose sample delivery scheme of the device depicted in A. 
(feeding strip, FS; reading strip, RS) 
 
The glucose sample stayed in the gel zone the longest due to its slow diffusion (Figure 28 B). 
Results showed a noticeable dose-response between glucose concentration and signal ODA 
(Figure 29). A LOD analysis was not performed on the device because of an insufficient number 
of data sets and a testing range being clinically irrelevant. There was some observable signal on a 
blank RC with ODA only that might interfere with the signal from the actual detection, so the 
determination of the working concentration of ODA would be necessary as the next step. 
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Figure 29. Detection of Glucose using GOx/HRP pre-stored hydrogel on paper. A) Quantitation 
of the intensity of the colorimetric results for detection of Glucose. B) Representation of the 
colorimetric results for detection of various concentrations of Glucose. 
 
The data indicates the setup require several modifications to improve. However, this experiment 
showed potential to add functionality to the hydrogel/paper hybrid device and the gel 
demonstrated the structural role as detection zone in the device. 
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Chapter 5. CONCLUSIONS 
National Institutes of Health reports that point-of-care (POC) testing holds promise to shift a 
paradigm from curative to predictive, personalized and preemptive medicine [64].  
In this work, we demonstrated the effectiveness of hydrogel in developing μPADs by 1) 
confirming the ability to hold required reagents and 2) investigating the capacity to regulate fluid 
flow. One of the gel‟s property, the volume based liquid transport, would benefit the design 
process to control the flow as the size of hydrogel can be easily tailored during the fabrication 
process.  
Secondly, we created a computational model to predict fluidic behavior of different types of 
wicking materials. This enables a prediction of a collective behavior of fluid based on the 
assembly design that was not possible previously. This would lead the advancement of μPADs 
because the performance of lateral flow test strip depends on the connectivity of multiple 
materials and their wicking properties.  
The hydrogel and the computational model together will offer versatility in the development of 
μPADs. Our work provides a tool for rational design and material selection for functional 
diagnostic devices. 
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Chapter 6. FUTURE PATH 
A deeper understanding of the wicking property of different materials would improve the 
modeling and benefit the design process for μPADs. 
 Study the wicking principle of different materials 
 Apply the model for many fluidic cases to validate its effectiveness 
We can enhance the design to enable a sequential reagent delivery using hydrogel as flow 
regulator to realize a clean multi-step chemistry cascade in the device. 
 Study the influence of parameters including geometry, size on the fluidic behavior of 
hydrogel 
 Standardize the relationship between volume and delayed delivery of reagent 
We should also demonstrate that the device can be equipped with detection ability to prove its 
effectiveness as a diagnostic platform. 
 Optimize the design to achieve short operation time and low LOD 
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APPENDIX A: SCHEMATICS OF 3D-PRINTED MOLDS 
 
 
 
 
 
 
Schematics of 3d-printed hydrogel mold (top) and liquid reservoir container (bottom) 
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APPENDIX B: SCHEMATICS OF FABRICATION OF HYDROGEL BASED 
DIAGNOSTIC µPADS 
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APPENDIX C: OVERVIEW OF COMPUTATIONAL PARAMETERS AND 
VARIABLES 
 
 Variable Definition 
Method of 
determination 
Value Units 
Wicking 
membrane 
Pp 
Capillary 
pressure of the 
wicking 
membrane 
Experimentally 1.08 x 10
4 
Pa 
κ 
Membrane 
permeability 
Experimentally 5.5 x 10
-7 
mm
2 
H 
Membrane 
thickness 
Material 
specification 
0.180 mm 
W Strip width 
Tunable design 
parameter 
- mm 
Wicking 
hydrogel 
V 
“turn-on” 
voltage 
Experimentally, 
design 
parameter 
-  
Ω 
Effective 
impedance 
Experimentally, 
design 
parameter  
- sec/mm 
Fluid 
Q 
Volumetric 
flow rate of a 
given fluid 
Generated by 
computational 
model 
-  
µ Fluid viscosity Literature value 8.9 x 10
7 
kg/(mm*s) 
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APPENDIX D: SIMULATION CODE FOR FLOW PREDICTION 
MATLAB code:  
width = 4;          % All lengths in mm 
thickness = .18; 
CSA = width*thickness; 
waterVisc = 8.9e-7;     % [kg/(mm*s)] 
paperPerm = 3.52e-7*CSA^2 - 8.33e-7*CSA + 1.3e-5;   % [mm^2] 
capPres = .154;         % [kg/(mm*s^2)] 
  
% Initial parameters 
initWetoutLen = .15; 
paper1.R = waterVisc*5/(paperPerm*CSA); 
paper1.Q = capPres/paper1.R;        % Darcy's law (Q = P/R) 
paper1.v = paper1.Q/CSA;        % velocity [mm/s] 
paper1.d = 20;              % distance [mm] 
gel1.V = 25;                % volume [mm^3] 
gel2.V = 50; 
gel3.V = 75; 
gel.R = paper1.R*10; 
gel.d = 1; 
paper2.R = gel.R; 
paper2.Q = capPres/paper2.R; 
paper2.v = paper2.Q/CSA; 
paper2.d = 20; 
  
% Initial conditions and more parameters 
curPos = zeros(2000,3); 
dt = 1; 
curTime = 0:dt:1999*dt; 
curVol = 0; 
totDist = paper1.d + gel.d + paper2.d; 
maxTime = 2000; 
i = 1; 
  
% Simulation 
while curPos(i,1)<totDist || curPos(i,2)<totDist || curPos(i,3)<totDist 
    % Gel1 
    if curPos(i,1) < paper1.d 
        paper1.R = waterVisc*(initWetoutLen+curPos(i,1))/(paperPerm*CSA); 
        paper1.Q = capPres/paper1.R; 
        paper1.v = paper1.Q/CSA; 
        curVel = paper1.v; 
        curPos(i+1,1) = curPos(i,1) + curVel*dt; 
    elseif curPos(i,1) < paper1.d+gel.d 
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        curPos(i+1,1) = curPos(i,1) + paper1.Q/gel1.V; 
    else 
        paper2.R = gel.R + waterVisc*(curPos(i,1)-paper1.d-gel.d)/(paperPerm*CSA); 
        paper2.Q = capPres/paper2.R; 
        paper2.v = paper2.Q/CSA; 
        curVel = paper2.v; 
        curPos(i+1,1) = curPos(i,1) + curVel*dt; 
    end 
    % Gel2 
    if curPos(i,2) < paper1.d 
        paper1.R = waterVisc*(initWetoutLen+curPos(i,2))/(paperPerm*CSA); 
        paper1.Q = capPres/paper1.R; 
        paper1.v = paper1.Q/CSA; 
        curVel = paper1.v; 
        curPos(i+1,2) = curPos(i,2) + curVel*dt; 
    elseif curPos(i,2) < paper1.d+gel.d 
        curPos(i+1,2) = curPos(i,2) + paper1.Q/gel2.V; 
    else 
        paper2.R = gel.R + waterVisc*(curPos(i,2)-paper1.d-gel.d)/(paperPerm*CSA); 
        paper2.Q = capPres/paper2.R; 
        paper2.v = paper2.Q/CSA; 
        curVel = paper2.v; 
        curPos(i+1,2) = curPos(i,2) + curVel*dt; 
    end 
    % Gel3 
    if curPos(i,3) < paper1.d 
        paper1.R = waterVisc*(initWetoutLen+curPos(i,3))/(paperPerm*CSA); 
        paper1.Q = capPres/paper1.R; 
        paper1.v = paper1.Q/CSA; 
        curVel = paper1.v; 
        curPos(i+1,3) = curPos(i,3) + curVel*dt; 
    elseif curPos(i,3) < paper1.d+gel.d 
        curPos(i+1,3) = curPos(i,3) + paper1.Q/gel3.V; 
    else 
        paper2.R = gel.R + waterVisc*(curPos(i,3)-paper1.d-gel.d)/(paperPerm*CSA); 
        paper2.Q = capPres/paper2.R; 
        paper2.v = paper2.Q/CSA; 
        curVel = paper2.v; 
        curPos(i+1,3) = curPos(i,3) + curVel*dt; 
    end 
    i = i + 1; 
end 
  
% Plot sim result 
lastIdx = find(curPos(:,3), 1, 'last' ); 
curPos(lastIdx+1:2000,:) = NaN*ones(2000-lastIdx,3); 
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Figure; 
plot(curTime,curPos(:,1),curTime,curPos(:,2),curTime,curPos(:,3)); 
xlim([0 maxTime]); 
ylim([0 totDist]); 
hold on 
  
% Gather experimental data 
expData = xlsread('fluid migration_gel.xlsx'); 
plot(expData(:,1),expData(:,2),'o',expData(:,3),expData(:,4),'+',expData(:,5),expData(:,6),'*'); 
 
